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ABSTRACT
Transverse-to-longitudinal emittance exchange was proposégtl] ias a tool for an

effective matching of the electron beam phase spacequrements of a possible application.
Here we propose a new purpose, namely, use of two agh@eemittance exchanges equipped
with the telescope between them for a bunch compredkat can be done without the energy
chirp in the electron bunch. In principle it allowsréaluce the electron peak current in the linac
by moving the bunch compressor to the end of the linac thod, to relax collective effects
associated with high peak currents. It is also possildk@ve a split-action compression when the
first part is done inside the low-energy part of thadi and the second and final part is done after
the linac. We also demonstrate how proposed bunch coropress be used for frequency up-
conversion of the energy modulation provided by the le$eracting with the electron beam and
thus can prepare a significantly higher frequency seed éulesefree-electron lasers. The same
approach can be used for a frequency down-conversionahdiecuseful for generation of THz

radiation.

PACS numbers 41.60.Cr, 42.55.Vc



1. Introduction

Bunch compressors play an important role in the physicshafged particle beams.
Many applications require high peak current beams, whiehoatained by taking low peak
current beams from the injector and compressing themadteleration to relativistic energy. A
widely used method of compression consists of creatitigear energy variation along the
bunch of particles (chirp) using the off-crest acceleratn the rf linac and sending this bunch
through a magnetic lattice with time-of-flight dispemn, often called a bunch compressor [2]. A
compression is achieved by exploring the path length differs of particle trajectories with
different energies.

In this paper we propose a new type of a bunch compréssiadoes not need an energy
chirp. This proposal takes advantage of the emittandeaege transformation proposed in [1]
and further developed and tested in [3, 4]. We considelgdoompression in three principle
steps. First, we exchange the longitudinal and horizemétances. Second, using the magnetic
telescope we expand the horizontal beam size and squeez®ular size. Finally, we reverse
emittance exchange and return to the original horizartd longitudinal emittances, but in a
new state with compressed bunch length and increaseglyespread.

In next section we describe this new scheme in detafter Ahat we analyze possible
collective effects due to space charge forces thahapécable to all types of charged particle
beams and due to coherent synchrotron radiation that acdicsmaly to the electron beam.
Finally we discuss several applications of the propos#ernse going beyond just bunch

compression.



2. Bunch compression

Figure 1 shows a schematic of a proposed bunch comprédsegins and ends with the
emittance exchange lattice and has FODO optics inntftglle that acts as the magnetic
telescope. For illustration of our goal we adapt heresthglest emittance exchange lattice,
although many more variants also exist (see, Appendigh Emittance exchange lattice is
composed of two beam transport sections containing two bending magmetsaaFODO
lattice. A key element of the emittance exchange sehmsna radio frequency (rf) deflecting
cavity operating in Thho mode [1]. An electron energy gain in this cavity dependsan
electron horizontal coordinate, and in a thin length appration is equal to

=28% 3 (x/%. )cosga 1) = 2’0

o) x=kx. (1)

rf

Here E is the equilibrium electron beam ener@y= AE/E is the relative energy deviatiod,
is the Bessel function of the first kindy, =c/% ; is the frequency of the electromagnetic field
oscillations in the cavityx , is the reduced rf wavelengtle, is the speed of lighte is the

electron chargey, is the cavity’'s total “transverse” voltage, a@nd the time. It is assumed that

the bunch center passes the cavityal0. Particles passing the cavity at different timeixe

kicks in the horizontal direction due to the cavity’agnetic field

J (XI K
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E x/k, E%

wherez is the longitudinal position of the particle within thanch with respect to the bunch

center.
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Figure 1. A schematic of the bunch compressor. Heis bend magnet, and QD and QF are
defocusing and focusing quadrupoles. The insertvshthe deflecting cavity surrounded by
ordinary accelerating cavities.

A multi-cell deflecting cavity of lengthd, affects particles in a slightly more
cumbersome way described by @4transport matrix for a four-dimensional coordeaector
with componentgx, X', z,0) , where X' is the angle. For simplicity, we ignore the verticetion
because no coupling to the vertical motion is poeduin the bunch compressor to the first order

of the beam transport and obtain [1]

1 d, kd/2 0
0o 1 k 0

TCAV = . (3)
0 0 1 0
k kd, /2 kd,/6 1

We note that the thick deflecting cavity also siggpenergy gain that is quadratic witdue to a
combined effect of the magnetic and electric fields, the magnetic field pushes particles aside
and the electric field changes their energies wihiéy gain horizontal offsets. This energy gain
can be compensated by using thegIgvhode accelerating cavity next to the deflectingityaor

two such cavities with half strength, i.e., oneeach side of the deflecting cavity as shown with
the insert in Figure 1. We note that the phasethefrf fields in all three cavities should be

strictly synchronized. Although the acceleratirayities can operate at a different frequency



than the frequency of the deflecting cavity, it is moo@venient to use the same frequency. In
this case the total accelerating voltage in each s@itycv, can be derived from the equation

below, which ensures removal of the acceleration ter{8):

(%) @

E 124\ E

In this case a># transport matrix of a multi-cell side accelergtravity of lengthd, /2 in a

linear approximation takes the form

1 d,/2 0 0
0o 1 0 0
C= , )
0O O 1 0
0 0 -k’d,/12 1
and the entire transport through all three cavtadées the form
1 d kd/2 O
0 0
DEF =C [TCAVIT = : (6)
0O O 1 0
k kd/2 0 1

whered =d, +d, is the total length occupied by all three caviti@herefore, the electron beam

transport from the entrance of the emittance exghdattice to the set of cavities located at a

distanced /2 before the end of the firstl transport as shown if Figure 1 is described by the

matrix
-1 d/2 0 n
O -1 0O
M, = : (7)
O -n 1 ¢
0 0O 01



where /) is the dispersion function in the deflecting cgnand & is the time-of-flight parameter

of this lattice section. Similarly, the beam tramdggrom the end of the set of the cavities to the

end of the emittance exchange lattice as showigufr€ 1 is described by the matrix

-1 d/2 0 -p
0O -1 0 O
M_ = (8)
O n 1 ¢
0 0O 0 1

Finally, usingkn = -1 as suggested in [1], we obtain for the entire &amite exchange lattice:

O 0 0 -np

0 0 -k -k
EEX=M_[DEFM, = J 9)
-k& -n 0 O

-k 0 O 0

After the first emittance exchange we have a nevangement where the former
longitudinal emittance and coordinates appear adrdnsverse emittance and coordinates and
the former transverse emittance and coordinategampps the longitudinal emittance and
coordinates. This arrangement opens a broad rahgeportunities to manipulate the former
distribution of particles in the longitudinal phaspace using known methods of beam
manipulation in the transverse phase space. Fonmea here we demonstrate compression of
the bunch. In order to do it we expand the trars/&eam size and reduce its angular size using

a magnetic telescope with the demagnification faeto described by the following transport

matrix:
-m 0 00
0O -1/m O O
T= (20)
0 0 10
0 0 0 1



Following the telescope in Figure 1 is the secomittance exchange lattice, which is
exactly the same as the first one. It convertsstrarse coordinates to the longitudinal
coordinates angice versaand, thus, returns back the former four-dimeraipihase space, but
with the modified structure of the longitudinal gkaspace as a result of the telescope’s action,

as seen from the product of all three transformatio

-1 0 O 0
k¢ -1 0 0
EEX(T [(EEX = 1 1 . (11)
0 0 = &(=+m)
m m
0O O m

Besides bunch compression, the above transformat&m produces the energy chirp
dd/dz=(E(L+1/m?))™ that can be obtained from (11). One can chosernmwve this energy
chirp right away or do it later. For example, dedercompression can be advantageous in many
cases, allowing acceleration of an only partiatynpressed bunch with a smaller peak current
and completing compression at the end of the liefore beam utilization. In this case the

lattice section between the linac and the areaeafbutilization should have a time-of-flight
parameterR,, = -&(1+1/m*)E, / E;, whereE; is the final energy, anf; is the energy before

acceleration. We also note that off-crest accataratnd longitudinal wakefields of the
accelerating structure may modify the magnitudéhefenergy chirp, and it should be accounted
for before deciding on the exact value of Rsein this lattice section.

Finally, after removing the energy chirp we obtain:



-1 0 0 O
kK -1 0 0 1
BC= 1 and thuso, =—0,, 05 =|mo;, (12)
0 0O = 0 f |n.1 Z [ )
m
O O m

where o, .0, and o, .05 are initial and final rms bunch length and initzadd final rms bunch

energy spread, respectively. We note that addingansport before or after the telescope or
using the telescope with all positive matrix eletsenill have a result similar to changingto —
m in (12). Such a transformation creates the oppdyxt for a self compensation of the effects
caused by the wakefields because it exchangeedhtdns of the particles inside the bunch, i.e.,
particles that were at the head of the bunch befongpression will move to the tail of the bunch
after compression anuice versa Equation (12) also shows that cavities produceeak

focusing in the transverse plane with the equivafiecal length f =1/k?¢ .

Figure 2 shows the evolution of the particle digition in the longitudinal and transverse
phase space along the bunch compressor. In makigglot we designed the lattice of the bunch
compressor following the above described recipecnge an electron beam with the following

parameters: beam energy of 350 MeV, normalizedzbotal and vertical emittance of 0.8 mm-

mrad, rms bunch length of 240m, rms relative energy spread of*.07= 20 cm, & = -2 cm,
and Twiss functions at the entrance of the bunahptessors,= 0.25 m, anda,= 0. These

parameters are considered to be representatitiey taan fully optimized.
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Figure 2. Density plots showing evolution of tlatigle distribution in the longitudinal (left

column) and transverse (right column) phase spaa® ftop to bottom in order from location 1
to location 4 in Figure 1. The last row is a findilstribution obtained after removal of the
energy chirp.



3. Collective effects

First we consider emittance degradation triggergdhe discreteness (shot noise) of
particles in the bunch. We note that the first &anite exchange section converts particle density
modulation along the' coordinate at the entrance of the bunch compressnthe longitudinal
density modulation in the telescope section. Thenlongitudinal electric field induced by the
space charge in the presence of this modulaticateseenergy modulation of particles while the
bunch passes through the telescope section. Firthlly second emittance exchange section
converts it into the transverse coordinate modutati Thus, the entire bunch compressor
amplifies particle density modulation in the tram®e phase space.

In what follows, we estimate the emittance growdh & case when the shot noise of
electrons is the only source of initial modulatidfrst, we consider a sinusoidal density

modulation along thex’coordinate at the entrance of the bunch compresstbr period
A, =~2mo, Ih, whereo, is the rms angular beam size, ahdis the harmonic number.
According to (9), this modulation emerges as thegiludinal density modulation in the
telescope section with peridd=+/2770,/h, whereo, = 7o, is the rms bunch length in the
telescope section for a cage=0 assumed here for simplicity. Using the model fospace

charge induced longitudinal electric field descdibe [5, 6], and assuming that the density
modulation is defined by Poisson statistics, wainbior the energy modulation at the end of the

telescope section:

Ad(h,2) = ;;0:2 \/g(l— 21, (hx,)K, (hx,))sin(v/27thz/ 7.) (13)

whereN is the total number of particles in the bunghis the classical radius of the partidleis
the length of the telescope sectiog,= v2ma/ yo,, |, and K, are modified Bessel functions of

10



the first and second kind, and=17470,, +0,)/2, whereo,, =,/B;¢, is the average

horizontal beam size and,; = /5, €, is the average vertical beam size in the telessepgon

y
[6]. Here we use longitudinal emittanae before the bunch compressor and average beta-
function g, inside the telescope section to estinsgte and vertical emittance, to estimate
o,; . Now, using (9), we find modulation in the horitaincoordinate after the second emittance
exchange at the end of the bunch compreasgh, x') =7Ad(h, x’), where we substitute/ o,
in (13) by x'/o, based on transformations (9) and (11). Thenistaffom the emittance
definition £2 =< x* >< X' > - < xx’' >*, we obtain

20¢ £, = < Ax(h, X')? > 07— < Ax(h, X)X >?, (14)
where A¢, is the emittance increase,, = £,/ y, and the symbol < > defines averaging over
particle density distribution inx'. Next, using (13) and assuming a Gaussian distoiv in x*

we obtain after neglecting small non-essential $earm

A, (h) ~( r,Lno,

2 N 2
€0 n'yazgxo] F(l_ZII(hXO)Kl(hXO)) . (15)

UsingL =10 m, B, = 10 m and bunch charg®l= 250 pC, we calculatae, (h)/£,,, and plot it

in Figure 3.

11
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Figure 3. Relative emittance increase as a funatibthe harmonic number h of particle density

modulation along thex' coordinate at the entrance of the bunch compresser to the shot
noise of electrons.

As an estimate of the highest harmonic number wehss ratio ofy 2770, to the average

distance between two electrons in the bunch, wivelind in two steps: by defining the average
distance between electrons in the co-moving frame #hen by transforming it into the
laboratory frame. In result we get:
hoax =V**N(n0,)?7(0,70,7) 7. (16)

Finally, by summing the contributions of all harnemup tohma, We find the total emittance
increase of the order of 0.3%. This result may gkaafter accounting for 3D effects at high
harmonic numbers similar to [7].

Now we consider emittance degradation caused bghsgtron radiation inside the
bending magnets of the emittance exchange sectewvisently, this is only applicable to
electron beams. Mostly we are concerned about eaheynchrotron radiation (CSR). We

expect to have the strongest CSR in the bend nagwigcent to the telescope section, where

12



the bunch length is the shortest, according toreigu Assuming Gaussian distribution of the
electron density, we estimate the electron eneygy/¢jain using Eq.(18) from [8]:

2 Nr L,
31/3\/57_ yR2/30.4/3

AS(2) = - F(z/ 0,)e o' (17)

where L, and R are the bend magnet length and radius of the twea
o, 008/ yQo, /% )** [9] is the rms value of the opening angle of tiechirotron radiation
for a spectral component with reduced wavelengtho,, &, = 2/3[{R/y®) is the reduced
critical wavelength of the synchrotron radiationgda

zlo
X d _»
F(Z/US): J m&e /2.

—00

(18)

We note that Eq. (17) has an extra exponent comgpaoi the formula given in [8]. It accounts
for reduction of the CSR intensity in the case beam with a large transverse size [10]. Starting
with (17) and using (9), we obtain a perturbationx after the second emittance exchange

AX(X") =nAd(h,X"), where we also substitute g, with its equivalentx'/ g, . Now, using (14)

we find a relative increase of the projected emdéea

2
JAYS 1 Nr,Lg
X = H,—H,), 19
Exo (31/3 /n yR2/3(,70.X’)1/3£,X0] ( 1 2) ( )

where H,=<F(X'/0,)*>>=0.60 and H,=(<(X'/0,)[F(x/0,)>)*=0.036, and where
averaging has taken over the electron distributor’ that is assumed to be Gaussian. Using a
bend magnet with.;= 0.1 m andR = 1 m, and keeping other parameters the samecas alve

calculate less than 4% emittance increase. Wethatehe main reason the emittance increase is
rather modest is due to a large beam transverse iss&de the magnets that helps with

suppression of the CSR; and the main reason tha be&z is large is due to a relatively large

13



longitudinal emittance before the bunch compresaathout that, the impact of the CSR will be
much stronger. The electron density distributiorthe horizontal phase space after the bunch

compressor calculated using the above describad paeameters is shown in Figure 4.
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Figure 4. The electron density distribution in therizontal phase space after the bunch
compressor, with CSR taken into account (left saahe) without the CSR (right side).

Ordinary incoherent synchrotron radiation is albtedo affect electron beam emittance

while the electron beam undergoes the chain of b@ampulations taking place during bunch
compression. However, the impact of synchrotroriataxh typically scales ag~*?[11] and,

thus, can be mitigated by an appropriate choiedexftron beam energy.
4. Other applications

Here we discuss some possible applications that aalkkantage of the above described
beam manipulations. First, we note that any timgeddent variation existing in the beam before
bunch compressor will be compressed or expandede§fred) after the bunch compressor,
depending on the demagnification factor in thespe. For example, one can produce time-
dependent energy modulation of electrons using-tasectron beam interaction in the wiggler
magnet upstream of the bunch compressor and eitmpress it or expand it with the bunch
compressor. Because transformation (12) preseaheeslepth of the original modulation, the
bunch compressor works as an ideal frequency ctewveMoreover, the magnetic chicane at the

end of the bunch compressor can also convert emaggulation into density modulation and

14



prepare the electron bunch for coherent radiatiumthermore, the frequency of the radiation
produced by this electron beam can be tuned ubatetescope’s demagnification factor.

Another option consists of modulating only a pdrthe electron bunch and compressing
an entire electron bunch at relatively low electrbeam energy, while deferring the
microbunching to the high energy, after acceleratithen the radiation produced by the part of
the electron bunch with microbunching can be use@ &eed signal for a free-electron laser
(FEL) operating with the section of the electronnddu that remains “fresh” and without
microbunching.

Yet another option is to use the microbunching iobth via the frequency down-
conversion and generate THz radiation.

One more option consists of exploring a chirplesture of a new compression scheme
and adding a proposed bunch compressor into a dids®am manipulations pioneered by a
technique of echo-enabled harmonic generation (EEH&. The idea of merging the EEHG
with the emittance exchange transformation wasipusly considered in [13], but our approach
is fundamentally different. A proposal is to stavith three EEHG steps and obtain a
characteristic distribution of electrons in theda@odinal phase space shown in Figure 5a. Then,
continue by sending the electron bunch throughabeve-described bunch compressor and
squeezing its longitudinal size while expandingeitergy dimension as shown in Figure 5b. All
of these beam manipulations can be performed attively low beam energy. After that one can
accelerate electrons, complete compression if mkem® obtain microbunching as shown in
Figure 5c. Adding a bunch compressor to the chaiie® beam manipulations helps to obtain
microbunching at a much higher frequency than issjide using EEHG alone. Besides,

bunching efficiency remains the same as if there mabunch compressor. Thus, by following a

15



proposed scenario one can easily shorten the wagtbldor seeding the FEL that is obtainable
using the EEHG technique by an order of a magnitudeetter. In a numerical example shown
in Figure 5 we used a 200-nm wavelength laser gtichzed three EEHG steps with the above-
described beam parameters to yield a maximum micrciing at the 20harmonic of the laser
frequency. We also used the bunch compressor with10. Then, after following all beam
manipulations described above using a simplifiedcbDe we obtained the final distribution of
electrons in the longitudinal phase space and kdénl the bunching factor of 13% at a 1-nm
wavelength, i.e., a 280harmonic of the laser frequency. This is the sdmeching factor as

EEHG alone will yield at a 2bharmonic.
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Figure 5. The longitudinal phase space of the mladbunch : a) after the first three steps of the
EEHG, b) after the bunch compressor, c) at theoétige acceleration and microbunching.

A different suite of applications can be servedobgm shaping in the telescope section.
For example, a simple collimator installed thereub beam tails in the transverse direction will
actually cut bunch tails in the longitudinal dinect because of the downstream emittance
exchange transformation. Also a mask with a setqoially spaced vertical slits will produce a
train of equally spaced microbunches that can leel lster to produce coherent radiation. A
proof-of-principle experiment for this idea was eatly reported in [14]. The advantage of the
scheme with a double emittance exchange is théyatml obtain a train of microbunches with

better transverse emittance. Similarly, a mask wgécially designed slits can create a train of

16



microbunches with a ramped peak current distrilouéind a “witness” bunch behind it which is
often useful for the study of the wakefield accafiem in plasma and dielectric channel.

Adding a few-microns-thin beryllium foil into theslescope section easily increases
energy spread after the bunch compressor due toptauscattering of electrons in the foil. At
the same time, added energy spread due to fluotuafithe energy losses in the foil is small,
and no visible impact on the emittance after thechucompressor is expected. In effect, this
arrangement produces the same result as a “laagrh@l5] without the complexity of a laser
heater.

This is only a small subset of beam manipulatiomsthe longitudinal phase space
afforded by the proposed double emittance exchamgebeam manipulation in the transverse
phase space in between.

5. Summary

In this paper we proposed a new type of bunch cesgar based on two consecutive
emittance exchange beam manipulations additioregjlyipped with a telescope between them.
We followed this proposal with an extensive analyend feasibility study. We also examined
several collective effects and identified cohergnichrotron radiation as being potentially the
most harmful. Then we demonstrated several othglicapions for the proposed bunch
compressor including THz radiation and seedindhefRELs and short wavelength generation as
well as shaping of the beam longitudinal densitstrédbution in a way that is beneficial for
several applications.
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Appendix

The same result as given by Eq.(11) can be obtdipesing for the emittance exchange
lattice a four bend magnet chicane with a deflgctavity in the middle of it. A transport matrix
for the left and right leg of the chicane, i.egrirthe beginning of the first magnet and to the end
of the second magnet and from the beginning otthivd magnet and to the end of the fourth

magnet can be written:

1 L 0 %xp
0O 1 0 O

M, = : (A.1)
10 xp 1 £
0O 0 0 1

where the sign + is for the left part and the sigis for the right part. Additionally, a special
lattice is required from the end of the second reago the beginning of the deflecting cavity

with the transport matrix:

-b bL+d/2b 0 O
0 ~-1/b 00
TL= (A.2)
0 0 10
0 0 01

and from the end of the deflecting cavity to thgibaing of the third magnet with the transport

matrix:
-1/b bL+d/2b 0 O
0 -b 0O
TR= (A.3)
0 0 10
0 0 01

18



Together with the deflecting cavity described bg thansport matrix of the Eq.(6), the entire

arrangement gives for the emittance exchangedattic

0 0 0 n
0O 0 bk b
EEX = < (A.4)
bké . 0 O
bk 0 0 O

This is equivalent to Eq.(9) with the substitutitn- bk. We note that usingh >1 provides a

boost of the dispersion function in the deflecteayity increasing it fromy to 7, =bn in an

agreement with a proposal from [16]. Then a coodi{i/;, =1must be satisfied in order to yield
Eq.(A.4).
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